Rationale Mesolimbic dopamine (DA) is a critical component of the brain circuitry regulating behavioral activation and effort-related processes. Research involving choice tasks has shown that rats with impaired DA transmission reallocate their instrumental behavior away from foodreinforced tasks with high response requirements and instead select less effortful food-seeking behaviors. Objective Previous work showed that adenosine A 2A antagonism can reverse the effects of the DA antagonist haloperidol in an operant task that assesses effort-related choice. The present work used a T-maze choice procedure to assess the effects of adenosine A 2A and A 1 antagonism. Materials and methods With this task, the two arms of the maze have different reinforcement densities (four vs. two food pellets), and a vertical 44 cm barrier is positioned in the arm with the higher density, presenting the animal with an effort-related challenge. Untreated rats strongly prefer the arm with the high density of food reward and climb the barrier in order to obtain the food.
Introduction
Motivational stimuli often have activating effects, and goaldirected behavior frequently is characterized by a high degree of activity, vigor, or persistence in work output . These activational aspects of motivation are adaptive because they enable organisms to overcome work-related response costs that separate them from significant stimuli (Salamone et al. 1997 Salamone and Correa 2002; Van den Bos et al. 2006) . Conversely, lack of behavioral activation can be maladaptive; in humans, symptoms such as psychomotor slowing, anergia, and fatigue are fundamental aspects of depression, as well as other psychiatric and neurological disorders (Demyttenaere et al. 2005; Salamone et al. 2006 Salamone et al. , 2007 Yurgelun-Todd et al. 2007; Capuron et al. 2007; Majer et al. 2008 ). Brain dopamine (DA), particularly in the nucleus accumbens, appears to be one of the critical components of the brain circuitry controlling effort-related behavioral processes and behavioral activation (Salamone et al. 1997 Barbano and Cador 2007; Phillips et al. 2007; Robbins and Everitt 2007) . Nucleus accumbens DA depletions make rats very sensitive to ratio requirements in operant lever-pressing schedules (Sokolowski and Salamone 1998; Correa et al. 2002; Mingote et al. 2005) . Moreover, DA-depleted rats show alterations in response allocation in tasks that measure effort-related choice behavior . Some studies in this area have used a concurrent fixed ratio 5 (FR5)/chow feeding procedure to study effort-related choice (Salamone et al. 1991 . With this task, rats have the option of responding on a FR5 lever-pressing schedule for a highly preferred food (high carbohydrate food pellets) or approaching and consuming a less preferred food (standard rodent chow) that is freely available in the chamber. Lowto-moderate doses of DA antagonists that act on either D1 or D2 family receptors suppress lever pressing for food but actually increase chow intake (Salamone et al. 1991 Cousins et al. 1994; Koch et al. 2000; Sink et al. 2008 ). Nucleus accumbens is the DA terminal region most closely associated with these effects of impaired DA transmission (Cousins et al. 1993; Sokolowski and Salamone 1998; Koch et al. 2000; Nowend et al. 2001) . Furthermore, the effects of interference with DA transmission were shown to differ substantially from those produced by pre-feeding to reduce food motivation (Salamone et al. 1991) and by appetite-suppressant drugs with various neurochemical profiles, including amphetamine , fenfluramine , and cannabinoid CB1 antagonists .
Additional studies in this area have employed a T-maze task to assess effort-related choice behavior Cousins et al. 1996; Walton et al. 2003; Denk et al. 2005; Schweimer et al. 2005; Floresco and GhodsSharifi 2007) . In this task, two arms of the maze can have different reinforcement densities (e.g., four vs. two food pellets, or four vs. zero), and under some conditions, a vertical barrier can be placed in the arm with the higher reward density to vary task difficulty. When there is no barrier present, untreated rats preferred the high reward density arm, and neither haloperidol nor accumbens DA depletion altered arm preference when no barrier was in the maze . Under conditions in which the arm with four food pellets was partially blocked with the barrier, but the other arm contained no pellets (i.e., the only way to get food was to climb the barrier), rats with accumbens DA depletions were relatively slow but still chose the high-density arm, climbed the barrier, and consumed the food (Cousins et al. 1996) . Nevertheless, DA manipulations dramatically altered choice behavior when the high-density arm (four pellets) had the barrier in place, and the arm without the barrier had an alternative source of food (two pellets). Under these conditions, rats treated with DA antagonists or accumbens DA depletions showed decreased choice of the high-density arm and increased choice of the low-density arm (Cousins et al. 1996; Salamone et al. 1994; Denk et al. 2005) .
Other brain areas and transmitters in addition to nucleus accumbens DA also are involved in effort-related processes (e.g., prefrontal cortex, amygdala, and ventral pallidal γ-aminobutyric acid; see Walton et al. 2006; Denk et al. 2005; Schweimer et al. 2005; Floresco and Ghods-Sharifi 2007; Salamone et al. 2007; Farrar et al. 2008) , and recent studies have focused upon the purine nucleoside adenosine Font et al. 2008; Mingote et al. 2008) . Adenosine A 2A receptors are heavily concentrated in striatal areas, including the caudate/putamen and nucleus accumbens (Schiffmann et al. 1991; DeMet and Chicz-DeMet, 2002; Ferré et al. 2004) . There is considerable evidence of a functional interaction between striatal and accumbens DA D2 receptors and adenosine A 2A receptors (Fink et al. 1992; Ferré 1997; Hillion et al. 2002; Fuxe et al. 2003) . This interaction often has been investigated in relation to neostriatal motor functions involved in parkinsonism (Ferré et al. , 2001 (Ferré et al. , 2008 Hauber and Munkel 1997; Svenningsson et al. 1999; Hauber et al. 2001; Wardas et al. 2001; Morelli and Pinna 2002; Correa et al. 2004; Pinna et al. 2005; Ishiwari et al. 2007; Salamone et al. 2008a,b) . However, researchers also have identified functions of adenosine A 2A receptor transmission related to cognition (Takahashi et al. 2008 ) and aspects of motivation (O'Neill and Brown 2006; Farrar et al. 2007; Font et al. 2008; Mingote et al. 2008) . Farrar et al. (2007) demonstrated that systemic injections of the adenosine A 2A antagonist MSX-3 reversed the haloperidolinduced shift in choice behavior seen in rats responding on the operant concurrent choice task.
The present work was undertaken to examine the role of DA/adenosine A 2A receptor interactions in effort-related choice behavior by assessing the ability of an adenosine A 2A receptor antagonist to reverse the behavioral impairment in T-maze performance induced by the DA antagonist haloperidol. Unlike the concurrent choice task, which studies response allocation between free operant lever pressing and chow intake (e.g., Farrar et al. 2007 ), the Tmaze task allows for assessment of discrete choices on a trial-by-trial basis. For these studies, one arm of the maze contained a high density of food reinforcement (four pellets), and the other arm contained a low density of food reinforcement (two pellets). Response costs were different in the two arms due to the presence of a large vertical barrier located in the high-density arm of the maze. Experiment 1 studied the effects of different doses of haloperidol (Veh, 0.05, 0.10, and 0.15 mg/kg i.p.) on Tmaze performance in order to identify the dose of haloperidol to be used for the subsequent reversal studies. Experiment 2A assessed the ability of the adenosine A 2A antagonist MSX-3 (0.75-3.0 mg/kg i.p.) to reverse the effects of 0.15 mg/kg haloperidol on T-maze performance. In order to compare the effects of antagonists that act on different adenosine receptors, experiment 3A studied the ability of the adenosine A 1 antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; 0.75-3.0 mg/kg i.p.) to reverse the effects of 0.15 mg/kg haloperidol. Additional control studies (2B and 3B) assessed the effects of injections of the high doses of MSX-3 and DPCPX on T-maze performance in the absence of haloperidol.
Materials and methods

Subjects
Adult male, drug-naive, Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN, USA) were housed in a colony maintained at 23°C at with 12-h light/dark cycles (lights on at 0700 hours). The rats (N=20) weighed 290-340 g at the beginning of the study and were food-deprived to 85% of their free-feeding body weight for the experiment. Rats were fed supplemental chow to maintain the 85% free-feeding body weight throughout the study with water available ad libitum in the home cages. Animal protocols were approved by the University of Connecticut Institutional Animal Care and Use Committee and followed NIH guidelines.
Pharmacological agents and selection of doses
Haloperidol (Sigma Chemical, St. Louis, MO, USA) was dissolved in a 0.3% tartaric acid solution (pH=4.0); this 0.3% tartaric acid solution also was used as the vehicle control for the haloperidol injections. The adenosine A 2A antagonist used was MSX-3 2,6,7-tetrahydropurin-3-yl] propyl] ester disodium salt). MSX-3 was synthesized at the laboratory of Dr. Christa Müller at the Pharmazeutisches Institut, Universität Bonn, in Bonn, Germany. For the preparation of the drug solution, MSX-3 (free acid) was dissolved in 0.9% saline, and pH was adjusted by titrating with microliter quantities of 1.0 N NaOH until the solid drug was in solution. The final pH was usually 7.5±0.2 and was not allowed to exceed 7.8. MSX-3 is a pro-drug that is cleaved in vivo into the pharmacologically active adenosine antagonist MSX-2 (Hockemeyer et al. 2004 ). MSX-2 has a 100-fold binding selectivity for A 2A vs. A 1 receptors (Solinas et al. 2005) . DPCPX was obtained from Tocris and was dissolved in a 20% ethanol vehicle; this compound is approximately 1,000-fold selective for A 1 receptors relative to A 2A receptors (Fredholm and Lindström 1999) .
Doses of haloperidol used for the dose-response study (experiment 1) were based upon previously performed research ) and on pilot studies. The results of experiment 1 were used to select the dose of haloperidol employed in the reversal studies (i.e., 0.15 mg/kg i.p.). Doses of MSX-3 for the reversal study were based upon previous research ) and unpublished pilot data. The dose range for DPCPX that was used was based upon doses listed in published behavioral studies involving i.p. administration in rats Aubel et al. 2007; Maione et al. 2007; Lobato et al. 2008 ).
Apparatus and testing procedures
Food-deprived rats were trained in the T-maze apparatus. The start arm consisted of an enclosed Plexiglas box (29× 21×21 cm) with a wire mesh floor grid. The test arm of each side of the maze was a box 99×32×59 cm. The test arm and back walls of the maze were made of Plexiglas, and the floor was wire mesh. The doorway from the start arm to the maze was a stainless steel guillotine door. The high-density arm provided four food pellets (45 mg each, Bioserve, Frenchtown, NJ, USA) and the low-density arm provided two food pellets. Pellets were located in small glass dishes placed against the far walls of the maze arms. Half the rats had the high-density arm with the barrier consistently located on the left side, while half the rats had the high-density arm and barrier on the right side. Rats were trained in several different phases. All rats received 1 week of initial training, which allowed them free access to both arms of the T-maze upon exiting the start arm. During initial training, no barrier was present, and rats were allowed to consume all pellets in both high-and lowdensity arms of the maze before being returned to the start arm. Upon completion of this initial training, rats were then trained to select between the high-and low-density arms, with no barrier in place. For these and all subsequent procedures, the rat was removed after entering one arm of the T-maze and consuming the pellets in that arm, and 30 trials were conducted each day. After this phase, rats were then trained with a barrier placed in the high-density arm, halfway between the start box and the food; rats were initially trained for 1 week with a small plastic barrier (11.3 cm) and then for several weeks with a medium-sized (23.4 cm) wire mesh barrier. Upon successful completion of the medium barrier training (i.e., >90% choice of the barrier arm out of 30 trials), a final wire mesh barrier (44 cm) was introduced halfway between the start arm door and the food dish. Rats were trained on the high-barrier choice procedure until they selected the high-density arm greater than 90% of trials per session. After successful completion of high-barrier training, drug testing commenced. For all drug studies, including the baseline days between drug treatments, the high barrier was present in the high-density arm, and no barrier was present in the low-density arm.
Experimental design
All experiments used a within group design, with all rats receiving their i.p. drug treatments in the study in a randomly varied order (one treatment per week; no treatment sequence repeated across different animals in the experiment). Baseline training sessions with no drug treatments were conducted four additional days per week.
Experiment 1: Effect of haloperidol on T-maze performance Rats were trained before drug testing as described above. Rats (n=5) received i.p. injections of tartaric acid vehicle, 0.05 mg/kg haloperidol, 0.1 mg/kg haloperidol, and 0.15 mg/kg haloperidol (all injections 50 min before testing). All rats were tested for 30 trials. The observer recorded the number of high-and low-density choices, as well as the response latency (start door opening to food dish area). , and all rats were tested for 30 trials. As with experiment 2, the observer recorded the number of high-and low-density choices and the response latency (start door opening to food dish area). For experiment 3B, another group of rats (n=6; the same rats that had completed experiment 3) received injections of either saline or 3.0 mg/kg DPCPX (i.p.; 20 min before testing).
Statistical analyses
In these experiments, there were no differences between animals that had the high-density arm to the left as opposed to those trained on the right, so these data were combined for further analyses. The total number of high-density arm selections (i.e., barrier crossings) was analyzed with repeated measures analysis of variance (ANOVA); selections of the low-density arm were not statistically analyzed because no animals failed to make a choice, and thus they are simply the mirror image of the high-density arm data. In experiment 1, repeated measures ANOVA was conducted on four treatment levels. For experiments 2A and 3A, repeated measures ANOVA was conducted for each of the five treatment levels (tartaric acid vehicle plus saline vehicle, 0. 15 mg/kg haloperidol plus saline vehicle, and 0.15 mg/kg haloperidol plus each dose of MSX-3 or DPCPX). Paired comparisons were performed using nonorthogonal planned comparisons that employed the overall error term (Keppel 1991) ; for experiment 1, the three haloperidol conditions were compared with vehicle, and for experiments 2 and 3, the data for the haloperidol plus vehicle treatment condition were contrasted with the other four treatments. The t test was used for analyses of experiments 2B and 3B.
Results
Experiment 1: Effects of haloperidol
The data for selection of the high-density arm (i.e., crossing the barrier) for experiment 1 are shown in Fig. 1 . Repeated measures ANOVA indicated that there was an overall significant effect of haloperidol treatment [F(3,12)=31.46, p<0.001]. Planned comparisons revealed that haloperidol produced a significant decrease in high-density arm selection compared to vehicle-treated control rats at both the 0.10 and 0.15 mg/kg dose (p<0.01). Furthermore, haloperidol induced a significant increase in the selection of the low reinforcement density arm of the T-Maze (data not shown), and all haloperidol-treated rats consumed every pellet that was present in their chosen arm on each trial. There were no trials in which vehicle or haloperidol-treated rats failed to choose one of the two arms of the maze.
Experiment 2: Reversal with MSX-3
The data on high-density arm selection (i.e., barrier crossings) for rats treated with MSX-3 and haloperidol are shown in Fig. 2a . Repeated measures ANOVA indicated that there was an overall significant effect of drug treatment on arm choice [F(4, 32)=37.64, p<0.001]. Haloperidolvehicle treated rats showed a significant decrease in the selection of the number of barrier crossings as compared to vehicle-vehicle-treated rats (non-orthogonal planned comparisons; p<0.001). Co-administration of MSX-3 with haloperidol produced a significant dose-related increase in selection of the high-density arm with the barrier relative to haloperidol plus vehicle-treated rats (planned comparisons; p<0.01). Mean run latencies for haloperidol and MSX-3 co-administration are shown in Fig. 2b . Repeated measures ANOVA indicated an overall significant effect of drug treatment on run latency [F(4,32)=4.59, p<0.01]. Administration of haloperidol caused a significant increase in response latency as compared to vehicle-vehicle-treated rats (non-orthogonal planned comparisons; p <0.001). Additionally, non-orthogonal planned comparisons indicated that a significant decrease in latency compared to haloperidol-vehicle-treated rats occurred upon coadministration of MSX-3 in a dose-dependent manner (0.75 mg/kg MSX-3, p<0.001; 1.5 and 3.0 mg/kg MSX-3, p<0.05). Experiment 2B assessed the effects of the high dose of MSX-3 on T-maze performance in the absence of haloperidol (Table 1 ). There was no significant effect on arm choice produced by MSX-3 (t=1.0, df=4, n.s.) and also no significant effect on latency (t=2.4, df=4, n.s.). However, four of the five animals did show slight decreases in latency after MSX-3 injection relative to saline injection.
Experiment 3: DPCPX plus haloperidol
The mean (+SEM) number of high-density arm selections (i.e., barrier crossings) for rats treated with DPCPX and haloperidol are shown in Fig. 3a . Repeated measures ANOVA indicated that there was an overall significant effect of drug treatment on arm choice [F(4,20) =38.1, p< 0.001]. Haloperidol plus vehicle-treated rats showed a significant decrease in the selection of the high-density arm as compared to vehicle-vehicle-treated rats (planned comparisons, p<0.001). However, co-administration of DPCPX with haloperidol did not reverse the effects of haloperidol; in fact, treatment with 3.0 mg/kg DPCPX plus haloperidol significantly reduced selection of the barrier arm relative to haloperidol plus vehicle (p<0.01). Mean run latencies for haloperidol and DPCPX co-administration are shown in Fig. 3b . Repeated measures ANOVA indicated an overall significant effect of drug treatment on run latency [F(4,20) =4.27, p<0.05]. The planned comparison between haloperidol plus vehicle and vehicle-vehicle control approached significance (p=0.065); however, subsequent non-parametric analysis with the Wilcoxon test did show a significant difference (p<0.05). In addition, non-orthogonal planned comparisons indicated that there was a significant increase in latency compared to the haloperidol plus vehicle treatment condition in animals administered haloperidol plus 3.0 mg/kg DPCPX. In experiment 3B (Table 1) , DPCPX without haloperidol had no significant effect on arm choice (t=1.2, df=5, n.s.) or on latency (t=2.4, df=5, n.s.). Five of the six animals showed slightly longer latencies after injections of DPCPX than they did after injections of vehicle. 
Discussion
Consistent with previous findings, administration of the DA antagonist haloperidol produced a significant decrease in selection of the high reward density T-maze arm that contained the barrier Cousins et al. 1996; Denk et al. 2005) . Correspondingly, haloperidol administration also increased the selection of the lowdensity T-maze arm. Thus, despite drug-induced decreases in the selection of the high-density arm with the barrier, rats that received haloperidol injections were able to engage in food-motivated behaviors by selecting an alternative route of food selection (i.e., the low-density arm with no barrier). The shift from selection of the high-barrier arm to the nobarrier arm with the lower density of reinforcement occurred in a dose-dependent manner, with the greatest effects being seen at 0.15 mg/kg. Previous research has shown that neither haloperidol nor accumbens DA depletions affected arm choice between four and two food pellets when there was no barrier present ). This finding indicates that haloperidol was not affecting discrimination of the density of reward (see also Martin- Iverson et al. 1987) or the memory for which arm had the higher density of food present. The present findings with the T-maze are analogous to the results that have been reported to occur with administration of DA antagonists to rats responding on the operant FR5/chow feeding concurrent choice task (Salamone et al. 1991 Sink et al. 2008) . Taken together, these observations support the hypothesis that administration of low doses of DA antagonists can affect choice behavior by making animals more sensitive to the work requirements of a task Salamone et al. 1991 Salamone et al. , 2007 Kelley et al. 2005; Baldo and Kelley 2007) .
In experiment 2, co-administration of the adenosine A 2A antagonist MSX-3 with haloperidol reversed the effect of the DA D2 receptor antagonist. MSX-3 significantly increased selection of the barrier (i.e., high density) arm in haloperidoltreated rats. Furthermore, the highest dose of MSX-3 completely reversed the effects of DA D2 receptor antagonism induced by haloperidol; rats that received haloperidol plus 3.0 mg/kg MSX-3 selected the barrier arm roughly the same number of times as they did when they were treated with vehicle control injections. MSX-3 also was capable of reversing the increase in response latencies induced by the DA antagonist. MSX-3 administered in the absence of haloperidol did not have any behavioral effects on maze performance, except that a few animals actually ran slightly faster in the maze. These results from the present study demonstrate that adenosine A 2A receptor antagonism can restore the alterations in effort-related choice that are induced by haloperidol. This observation is consistent with recent studies showing that MSX-3 could reverse the effects of haloperidol and eticlopride in rats tested on the operant FR5/ chow feeding concurrent choice procedure .
Although previous studies have examine the ability of MSX-3 to reverse the effects of haloperidol using other tasks (e.g., Farrar et al. 2007 ), the present study also assessed the effects of the adenosine A 1 antagonist DPCPX. Injections of DPCPX (0.75-3.0 mg/kg i.p.) failed to reverse the effects of haloperidol in experiment 3. In fact, coadministration of DPCPX with haloperidol tended to reduce selection of the barrier arm even more than haloperidol plus vehicle and also tended to produce further increases in latency, which could reflect some type of motor or motivational impairment. Although the 0.75-3.0 mg/kg doses of DPCPX were ineffective at reversing the actions of haloperidol in the present study, this i.p. dose range of DPCPX has been shown to be effective in studies with rats that recorded behaviors related to nociception, depression, memory, and other processes Aubel et al. 2007; Maione et al. 2007; Lobato et al. 2008 ). The present results are consistent with previous studies showing differences between the behavioral effects of adenosine A 1 and A 2A receptor antagonists (Marston et al. 1998; Mandryk et al. 2005; . More specifically, the present data suggest that there are differential actions of adenosine A 1 and A 2A receptor antagonists in terms of how these drugs interact with the DA D2 antagonism produced by haloperidol. The neurochemical basis of this differential interaction is not absolutely clear; however, it is possible that it is related to findings showing that adenosine A 1 and A 2A receptors are localized on different populations of cells in striatal areas, including the nucleus accumbens (Ferré 1997) . Adenosine A 2A receptors tend to be co-localized on striatal and accumbens medium spiny neurons with DA D2 receptors, and these receptors appear to interact in a manner related to the development of heterodimers or convergence on to the same signal transduction mechanisms (Fink et al. 1992; Ferré 1997; Svenningsson et al. 1999; Pinna et al. 1999; Hillion et al. 2002; Fuxe et al. 2003) . In contrast, adenosine A 1 receptors are more likely to be co-localized with DA D1 receptors (Ferré 1997) . Although the present results could reflect independent actions of MSX-3 and haloperidol, it is reasonable to suggest that MSX-3 was so effective in reversing the actions of haloperidol on T-maze performance because of the direct interaction between adenosine A 2A and DA D2 receptors located on the same medium spiny neurons. Although DPCPX failed to reverse the effects of haloperidol in the T-maze, it is possible that DPCPX would be able to reverse an alteration in T-maze performance if it were induced by a D1 antagonist.
The present findings support the hypothesis that DA and adenosine systems in the brain, possibly in nucleus accumbens, interact in the regulation of effort-related functions Farrar et al. 2007; Font et al. 2008; Mingote et al. 2008) . Additional studies should investigate the effects of local administration of MSX-3 into the nucleus accumbens and other brain sites (e.g., Ishiwari et al. 2007; Font et al. 2008 ) in order to characterize more specifically the brain locus at which adenosine and DA receptors are interacting to influence Tmaze performance. Identification of the brain systems involved in regulating behavioral activation and effortbased choice in animals serve to highlight the overlap between activational aspects of motivation and quantitative features of motor control . Moreover, this research may provide important clues regarding the neural mechanisms involved in clinical psychopathologies related to psychomotor slowing, fatigue, or anergia in depression and parkinsonism (Salamone et al. 2006 Farrar et al. 2007; Capuron et al. 2007 ). For example, it is possible that A 2A receptor antagonists could be used to treat these energy-related disorders in humans or to reverse the motivational effects of D2 antagonists that are used clinically to treat psychoses.
